INTRODUCTION
The goal of this work is to describe the potential for using ion implantation to increase the wear resistance of electrodeposited hard chromium, or hard Cr-plating, which is commonly used as a wear resistant surface in the metal-forming and agricultural industries. Increased wear resistance of hard chromium would reduce chromium consumption in the electrodeposition industry and impact both strategic and environmental interests. Cr is considered a strategic metal because of its use in metal alloys, especially steels and other alloys hexavalent chromium ion, Cr4, some of which is emitted into the environment as effluent or sludge. In the United States, Cr4 is classified as a confirmed human carcinogen, and is thus being placed under strict emission controls. By reducing the amount of hard Cr electrodeposition, the amount of Cr4 emitted into the environment can be proportionately reduced. Thus, using ion implantation to improve the wear resistance of electrodeposited hard Cr can have a positive impact on both strategic and environmental issues associated with the use of Cr.
A detailed discussion of the many estimates of chromium use in the US and Europe is beyond the scope of this work. 
EXPERIMENTAL DETAILS
A lo00 cm2 sheet of 304 stainless steel was diamond polished and then Cr-plated by a commercial vendor. The coating thtckness varied from 2 to 4 pm across the sheet. The sheet was cut into smaller samples approximately 2 x 2 cm in size. The deposited Cr surface had a maximum R, of 0.05 pm and an average peak-to-valley height of 0.2 pm. The composition of the Cr-plate, as determined by ion beam analysis, was 96.6 at% Cr, 2.5 at% 0, and 0.9 at% H. Ion implantation was accomplished using a Varian CF3000 beamline implanter. Nitrogen beams were generated from N, gas. Boron beams were generated by flowing CCl, over boron powder in a crucible heated to 600°C. In both cases, a 75 keV ion energy was used. The ion range in chromium for nitrogen is 88244 nm, and the ion range for boron is 122k57 nm.
Samples were kept near 30°C during implantation. Ion beam analysis was used to measure the retained ion dose for each sample. Non-Rutherford backscattering spectrometry was utilized to take advantage of the increased nitrogen and boron cross-sections under certain conditions [20] . In all cases, ion beam analysis was done using a 3 M Y tandem accelerator, an incident 
RESULTS AND DISCUSSION
The results of the ion beam analysis and POD wear tests are compiled in Table 1 . The hardness and modulus results for unimplanted chromium, and the N and B implanted samples exhibiting the best wear resistance are shown in Fig la and lb, respectively. There is a prominent peak in the near-surface region that probably corresponds to a surface oxide on the chromium. The hardness peak due to the surface oxide is smaller, and shallower, than all hardness improvements measured on the ion-implanted samples. At a depth of 50 nm, the surface hardness increased from 18fl GPa for unimplanted chrome, to a maximum of 23k4
GPa for boron implanted chrome and 26+1 GPa for nitrogen implanted chrome. The modulus is unaffected by ion implantation.
The wear coefficient ratio, calculated by dividing the average wear coefficients of unimplanted Cr by that of the ion implanted Cr, of all samples are shown in Fig. 2 . The wear results indicate that (1) boron implantation does not produce superior wear resistance to nitrogen implantation, (2) combining boron and nitrogen implantation results in little additional benefit over nitrogen implantation alone, (3) a retained nitrogen dose of 7.3~10" N-at/cm* is needed to improve the wear rate of chromium by 5x, and (4) the wear resistance maximizes at a retained boron dose of about 4x10'' at/cm2, but increases with increasing amounts of retained nitrogen. Using the ion dose and ion straggling to estimate the peak atomic concentration for the implanted species [21] , the best wear resistance for nitrogen implanted and boron implanted samples correspond to peak concentrations of 44 at%N and 24 at%B. Representative data for the coefficient of friction of unimplanted and selected implanted samples is shown in Fig. 3 .
Nitrogen implantation reduces the coefficient of friction slightly more than boron implantation, but the reduction is not believed to be significant.
CONCLUSIONS
The primary goal of this work was to demonstrate an ion implantation process that 
